Silver is a very common heavy metal, and its detection is of significant analytical importance.
Introduction
Metallic silver, its alloys and compounds have been used in jewellery, solar cells, antimicrobial agents, dental amalgams, photography, electronic components, glass coatings and catalysis, among other applications. 1 Such widespread usage has led to environmental contamination. Silver is a heavy metal and poses a health threat as it tends to bioaccumulate, causing damages to the skin, eyes, liver, kidneys and intestinal tracts. 2 While silver can be measured by instrumentation methods such as ICP-MS, it is also important to develop biosensors for on-site detection, which may also help recover this valuable metal. 3, 4 Over the past two decades, DNA has emerged as a highly versatile platform for metal sensing based on either metal/nucleobase binding interactions or metal-assisted DNAzyme catalysis. [5] [6] [7] [8] [9] [10] RNA-cleaving DNAzymes are particularly interesting since they can achieve extremely high metal sensitivity and are versatile in biosensor design. 11, 12 DNAzymes are DNAbased catalysts isolated using in vitro selection. 13 They often recruit divalent metals for catalysis, and in vitro selections can be intentionally performed to evolve DNAzymes that work only in the presence of specific metals. 14 Many divalent metals including Pb 2+ , 15 Zn 2+ , 16 Cu 2+ , 17, 18 UO2 2+ , 19 Cd 2+ , 20 and Hg 2+ have been detected using DNAzymes. 21 Recently, important advancements have been made on trivalent metals as well; we isolated and a few lanthanide-dependent DNAzymes.
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The perception of multivalent metals requirement was relaxed by the recent discovery of DNAzymes that use only monovalent Na + . [25] [26] [27] For example, the Lu group reported a DNAzyme with a rate of ~0.1 min -1 using Na + as the sole metal. 27 To reach such a high rate, however, 400 mM Na + is needed. The same Na + binding motif was also identified in another lanthanidedependent DNAzyme. 24, 28, 29 We isolated a Na + -specific DNAzyme named EtNa, also requiring high mM Na + in water but low mM Na + in ethanol. 30 It remains unclear whether it is possible to obtain DNAzymes that can work with nanomolar transition metals. If existing, these DNAzymes will be not only analytically useful, but can answer fundamental questions in bioinorganic DNA chemistry.
The most studied interaction between DNA and silver is the specific binding between the cytosine base and Ag + . 31, 32 This interaction was used to develop Ag + biosensors, [33] [34] [35] ThermoPol buffer and low molecular weight DNA ladder were from New England Biolabs.
In vitro selection. The method of in vitro selection was derived from our previous report with some minor modifications. 24 In brief, the initial library was obtained by ligating Lib-FAM-N50
and Lib-rA (see Table S1 for DNA sequences). For each subsequent round, the library was produced by PCR. For each cleavage step, a freshly prepared AgNO3 solution was added to the DNA library in buffer A (50 mM MES, pH 6.0, 25 mM NaNO3) with 60 min incubation (final 10 µM Ag + ). After incubation, the library was mixed with 8 M urea and purified by 10% dPAGE (denaturing polyacrylamide gel electrophoresis). The position corresponding to the cleavage product was excised from the gel, the DNA was extracted by crushing and soaking the gel, and the sample was further desalted with a Sep-Pak C18 column (Waters). After drying in an Eppendorf
Vacufuge at 30 C overnight, the dried DNA was re-suspended in 60 µL of 5 mM HEPES buffer (pH 7.5). A small fraction of this DNA was amplified by two rounds of PCR (PCR1 and PCR2) using previously described thermoscycling conditions.
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Deep sequencing. To prepare sample for deep sequencing, the round 6 library was subjected to PCR1 as explained above. The full-length library generated from this step was subjected to another PCR reaction so that the Illumina sequencing technology can be used. The forward primer (P701) and the reverse primer (P501) each containing a unique index sequence were used (see Table S1 ).
The PCR product was purified with 2% agarose gel and extracted using a gel extraction kit (IBI Scientific). The extracted DNA was eluted in 25 µL Milli-Q water and the concentration was quantified using a NanoDrop spectrophotometer to be 9 ng/µL, and the sequencing was performed at McMaster University. 
Results and Discussion
In vitro selection using Ag + . In vitro selection refers to the isolation of a subset of DNA sequences with a desired function from a large library. 13 Our goal here was to obtain RNA-cleaving
DNAzymes that work specifically with Ag + . The scheme of selection is shown in Figure 1A . Our DNA library contains 50 random nucleotides (see Figure 1B for the library sequence), and a single RNA linkage (rA, denotes for ribo-adenine). Since RNA is much more susceptible to cleavage, 38 this is an artificially introduced cleavage site. The initial library contained ~10 13 random DNA sequences. The role of metal ions in RNA cleavage has been extensively studied, 39, 40 and we hoped that certain DNA sequences can utilize Ag + for this reaction. If this hypothesis is true, a fraction of the library (originally length = 119 nucleotide (nt)) might be cleaved at this RNA junction by Ag + and thus became shorter by 28 nt. We harvested the cleaved fragment (91 nt) using denaturing gel electrophoresis, and amplified it by two rounds of PCR to re-generate the full-length library for the next round of selection. PCR1 brings the library back to the original length, and PCR2
introduces the FAM fluorophore and rA.
Throughout the selection, the Ag + concentration was maintained at 10 µM with 1 h incubation time. The FAM label allowed us to quantify the cleavage yield at each round, and a gradual increase was observed ( Figure 1C ). However, this increase was quite slow. At round 6, only ~8% of the library was cleaved. This indicates that Ag + -dependent sequences did not dominate the library, and non-specific cleavage was competing. The gradually increased cleavage however still suggested a small population that might depend on Ag + . To identify this population, instead of the conventional cloning method, we resorted to deep sequencing at round 6; a total of 54,961 sequences were obtained. Sequence Analysis. Upon aligning the sequences, 874 families were obtained. The most populated first 200 families, accounting for 88.8% of all the sequences, were examined for their secondary structures using Mfold. 41 Interestingly, a few families accounting to 1.5% of the analyzed sequences belong to the Ce13d DNAzyme or its variants, which was previously selected in our lab. 24, 42 About 91% of the analyzed sequences contained a motif of TTCTCACA, which is a signature of another DNAzyme discovered in our lab, named EtNa. 30 EtNa is activated by Na + alone and accelerated by ethanol, and this may explain the large population of Ag + -independent sequences. Only 7.5 % of the analyzed sequences appeared novel, from which we engineered nineteen different trans-cleaving DNAzymes (Figure 2A ). See Figure S1 for an example of converting the cis-cleaving Ag10 DNAzyme to its trans-cleaving form. The full-length transcleaving Ag10 DNAzyme is shown in Figure 3A . The enzyme strand binds the substrate using the two duplex regions, and the middle part is the catalytic core. In Figure 2A , the postulated catalytic cores are in boldface, and the rest of the sequences are the substrate binding arms (see table S1 for complete DNA sequences).
Each sequence in Figure 2A was individually tested by hybridizing with the FAM-labeled substrate in 10 µM Ag + ( Figure 2B ). Significant cleavage after 1 h was observed only for two sequences (Ag9 and Ag10). Ag10 (marked in red) produced the highest cleavage and was studied further. Based on the secondary structure of Ag10 ( Figure 3A) , we truncated the nucleotides in black, which appear to be redundant. This truncated DNAzyme is named Ag10c (Figure 3B ), which retained a similar activity as the original Ag10 DNAzyme ( Figure 3C ). Ag10c has a hairpin, and two long unpaired bulges connecting this hairpin to the two substrate binding arms. Such a structure is typical of RNA-cleaving DNAzymes, 19, 24, 27, 30 and the hairpins usually play only a structural role. Metal binding is likely to take place in the large loop formed by the two unpaired bulges.
Since Ag + is known to stabilize cytosine-cytosine mismatches, 31 and this might be a way for Ag + to exert an allosteric effect in promoting DNAzyme activity, 35, 43 From this secondary structure, however, we cannot identify potential C-Ag + -C base pairs that can stabilize a stem-loop structure. 43 There are only three cytosine nucleotides on one side of the catalytic loop, and two more in the hairpin loop. Therefore, the role of Ag + is likely to go beyond stabilization of simple DNAzyme secondary structures. We believe Ag + might directly participate in catalysis, and biochemical characterization of Ag10c to support this hypothesis will be a subject of future studies.
Since Ag10c is shorter than Ag10c, it was used from this point on. Optimization of cleavage conditions. To identify an optimal condition for Ag + detection, we performed preliminary characterizations on Ag10c. We first studied the effect of pH ( Figure 4A ).
The cleavage yields at two time points (5 and 60 min) were measured, and higher pH produced higher cleavage yields up to pH 8. Therefore, high pH is more favorable for the reaction, which might be related to the deprotonation of the 2-OH of the RNA base, making it a better nucleophile. 44 The solubility limit of Ag + is about 1 mM at pH 9. 45 Therefore, we were far below this limit in the above experiments, and Ag+ precipitation was not a concern here. Next, we tested various concentrations of Ag + at pH 7.0 in 25 mM NaNO3 by measuring the cleavage yield at 5 min. The yield was low below 1 µM Ag + , and it then rapidly increased ( Figure 4B ). The most optimal concentration was 10 µM Ag + . At even higher Ag + concentrations, inhibition was observed, which might be attributable to non-specific Ag + binding to DNA bases, inducing denaturation or misfolding of the DNAzyme.
Under an optimal condition of pH 7.5 with 200 mM NaNO3 and 10 µM Ag + , we measured the cleavage kinetics ( Figure 4C ). The kinetic profile was fitted to a first-order reaction with a rate constant of 0.41 min -1 . This is a very fast rate considering Ag + is a monovalent metal ion and no divalent metals were added. For comparison, the recently reported Na + -specific DNAzyme has a rate of 0.11 min -1 with 400 mM Na + . 14 This fast cleavage rate also suggests that Ag + might directly participate in catalysis. So far, no DNAzymes with Na + alone can achieve such a high rate. The upper bands are the original substrate and the lower bands are the cleavage product.
Chloride inhibition proving Ag + requirement. As this is the first case of DNAzyme catalysis using a monovalent transition metal ion, we performed the following experiment to confirm its Ag + requirement. The cleavage yield of Ag10c was measured in the presence of increasing concentrations of NaNO3 or NaCl ( Figure 5A ). With NaNO3, the cleavage reached a similar value for all the conditions (red bars), while a strong inhibition effect of NaCl was observed when the Cl -was greater than 50 mM (black bars). The cleavage went to the background level with more than 100 mM NaCl. The solubility product (ksp) of AgCl is 1.8  10 -10 . Therefore, with 100 mM Cl -, the free Ag + concentration is only ~18 nM. As will be seen later, the DNAzyme cannot detect Ag + beyond this level. Since NaNO3 did not decrease the cleavage yield, the inhibition by NaCl cannot be attributed to the change in ionic strength. Taken together, the inhibition effect of NaCl is attributable to complex formation with Ag + or forming AgCl precipitation. This experiment provides a strong evidence that Ag + is critical for the activity of the DNAzyme. showed a modest cleavage, its rate is >3000-fold slower compared to the same concentration of Ag + .
Ag10c is highly specific for Ag + . Our in vitro selection was carried out with Ag + and no negative selections were performed. For Ag + sensing, metal specificity is also very important. We next tested Ag10c in the presence of 10 µM and 100 µM of 20 different metal ions ( Figure 5B ). Indeed, A silver biosensor. From the studies above, it is clear that Ag10c is highly specific for Ag + with fast catalytic rate, allowing building a biosensor for Ag + . Among the various signaling strategies, we herein employed a catalytic beacon method for its high sensitivity. 6, 46 We labeled the 3-end of the enzyme strand with a Black Hole Quencher (named Ag10c-Q in Table S1 ), which upon hybridization, quenches the fluorescence of the FAM fluorophore labeled on the 5-end of the substrate (5-FAM-Sub). In the presence of Ag + , cleavage of the substrate rescues the fluorescence after releasing the cleaved fragment ( Figure 6A ). The structure of the sensor DNAzyme complex is shown in Figure S2 .
We executed this experiment with increasing concentration of Ag + by monitoring the signaling kinetics at pH 7.5, 50 mM MOPS, 200 mM NaNO3 ( Figure 6B ). In the absence of Ag + , the background was quite stable, indicating a stable DNAzyme complex. The rate of fluorescence enhancement rapidly increased with higher Ag + concentration. We quantified the initial rates in Figure 6C , and the dynamic range reached ~400 nM Ag + . The low Ag + concentration region is shown in the inset of Figure 6C , and we calculated a limit of detection (LOD) of 24.9 nM Ag To test it, we initiated the rise in fluorescence with 1 µM Hg 2+ or 400 nM Ag + . Upon signal stabilization, 10 µM NaI was added to both reactions ( Figure 6E ). Indeed, in the Hg 2+ reaction, the signal went back to the background level due to HgI2 formation, while no change was seen in the Ag + reaction upon formation of AgI, proving that the sensor was irreversibly cleaved by silver ions. It might be possible to eliminate the signal from Hg 2+ by using other designs, such as gold nanoparticle based colorimetric sensors, 48 or using more stably folded DNAzyme secondary structures. 49 While Pb 2+ showed a slight cleavage in gel-based assay, its rate is >3000-fold slower than Ag + , and Pb 2+ is a strong fluorescence quencher at high concentrations. These factors may explain the lack of Pb 2+ response in this rate-based signaling method.
Further, we wanted to study if this sensor works in real word water samples. For this, our sensor was tested in Lake Huron water with 50 mM MOPS buffer (pH 7.5, 90% of lake water in the final reaction, Figure 6F ). The response was quite similar to that obtained in clean buffers, and a LOD of 21.8 nM was calculated ( Figure S3 ). Therefore, the lake water matrix did not interfere with the detection. The Great Lake's water often contains below 1 mM Cl -, 50 and therefore it is understandable that the sensitivity of our sensor was not affect. 
Conclusions
In conclusion, we reported the first Ag + -specific RNA-cleaving DNAzyme, which was evolved in course of an in vitro selection effort using silver as the intended metal cofactor. This enzyme named Ag10c, shows high selectivity for silver over other metal ions and a fast catalytic rate of 0.41 min -1 at pH 7.5 and 200 mM NaNO3 with just 10 µM Ag + . This study highlights the possibility of using monovalent transition metal ions as a cofactor for DNAzyme catalysis. We have also demonstrated the use of this DNAzyme for selectively sensing low concentrations of Ag + ions, with the LOD of the sensor being 24.9 nM, which is far below the permissible limit of silver in water. Taken together, this enzyme is not only a useful analytical probe for silver, but also gives a platform to study the role of monovalent ions in DNAzyme catalysis.
Supporting Information Available:
DNA sequences, DNAzyme secondary structures, and detection in Lake Huron water. This information is available free of charge via the Internet at http://pubs.acs.org/.
